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sity of the universe during both matter and radiation domi-
nation. During matter domination, the massive neutrinos
cluster on very large scales but free-stream out of smaller
scale fluctuations. This free-streaming changes the shape of
the matter power spectrum (Hu et al. 1998) and, most
importantly, suppresses the amplitude of fluctuations. Since
we can normalize the amplitude of fluctuations to the
WMAP data, the amplitude of fluctuations in the 2dFGRS
data places significant limits on neutrino properties.
The contribution of neutrinos to the energy density of








Note that the sum includes only neutrino species light
enough to decouple while still relativistic.
Experiments that probe neutrino propagation from
source to detector are sensitive not to the neutrino mass but
to the square mass difference between different neutrino
mass eigenstates. Solar neutrino experiments (Bahcall et al.
2003a) imply that the square mass difference between the
electron and muon neutrino is 105 eV2. The deficit of
muon neutrinos in atmospheric showers imply that the mass
difference between muon and tau neutrinos is 103 eV2
(Kearns 2002; Pakvasa & Valle 2003). If the electron neu-
trino is much lighter than the tau neutrino, then the combi-
nation of these results imply that m < 0:1 eV: still below
the detection limits for our data set. On the other hand, if
me  m , then the three neutrino species can leave an
observable imprint on the CMB angular power spectrum
and the galaxy large-scale structure power spectrum. In our
analysis, we consider this latter case and assume that there
are three degenerate stable light neutrino species.
Figure 14 shows the cumulative likelihood of the combi-
nation of WMAP, CBI, ACBAR, and 2dFGRS data as a
function of the energy density in neutrinos. On the basis of
this analysis, we conclude that h2 < 0:0067 (95% confi-
dence limit). If we add the Ly data, then the limit slightly
weakens to h2 < 0:0072. For three degenerate neutrino
species, this implies that m < 0:23 eV. This limit is roughly
Fig. 13.—Constraints on the geometry of the universe:m- plane. Two-dimensional likelihood surface for various combinations of data:WMAP (upper
left);WMAPext (upper right);WMAPext+HSTKey Project (supernova data [Riess et al. 1998, 2001] are shown but not used in the likelihood in this part of
the panel) (lower left);WMAPext+HSTKey Project+supernova (lower right).
Fig. 14.—Marginalized cumulative probability of h2 based on a fit
to the WMAPext+2dFGRS data sets (dashed line) and the cumulative
probability based on a fit to theWMAPext+2dFGRS+Ly data sets (solid
line). The vertical lines are the 95% confidence upper limits for each case
(0.21 and 0.23 eV).




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ILLUSTRATION DE L’EFFET DE CONFUSION
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EROS Collaboration: Limits on Galactic dark matter with 5 years of EROS SMC data 955
Fig. 3. Exclusion diagram at 95% C.L. for the standard halo model
(4 × 1011 M inside 50 kpc). The dashed lines are the limits towards
the  by  1 and  2, the thin plain lines are limits towards the
 and the thick line is the combined limit from the five  sub-
experiments. The dotted lines are the limits that would be obtained
considering no observed events: they indicate the overall sensibility
of the  dataset. We also indicate the limit that would be obtained
if the three very long duration events on the  were considered as
background (label “-1 only”): the limit is lowered in a negligible
way in the 2–3 M mass range.
values of the mass. This occurs quite naturally since the ob-
served  and  candidates have quite different characteris-
tics. At high mass, for instance, our method will consider 
candidates as signal and  candidates as background, thus
weakening the limit obtained by the  alone. It illustrates the
(marginally significant) incompatibility between the candidates
observed by  towards the  and the .
6. Comparison of LMC and SMC results
Another way to gauge the present results on microlensing to-
wards the  is to compare them directly to the result of the
 collaboration towards the  (Alcock et al. 2000). Such
a comparison is made easier by the fact that the expected tE
distributions of halo microlenses towards the  and  are
very similar: their averages and widths differ by only a few per-
cent, and these differences are much smaller than the widths
themselves. The ratio of the optical depths towards the  and
 is more uncertain; for a spherical isothermal halo, it is ex-
pected to be about τSMC/τLMC ' 1.4, but this value can be
lower for flattened halos. Actually, it was proposed to use ob-
servations towards the  to evaluate the galactic dark halo
flattening (Sackett & Gould 1993).
In their analysis A, the  group has listed 13 microlens
candidates with an average duration < tE >= 36 days and
a width of the tE distribution compatible with all microlenses
having the same mass. From this, they compute an optical depth
τ = 1.2 × 10−7, of which about 1.0 × 10−7 is attributed to halo
lenses. This translates into an expected number of events for






<  > τSMC ,
where N∗ = 5.2 × 10
6 is the number of  stars monitored
by , Tobs = 5 yrs is the total duration of the observations,
and <  >= 0.146 is the average  detection efficiency for
microlensing events of duration < tE >' 0.1 yr. (This average
efficiency is obtained by interpolating the values in Table 3, and
is normalized to u0 < 1.) Substituting these numerical values
leads to Nevts = 2.4 × (τSMC/10
−7).
There are, however, no   microlensing candidates
that are compatible with the tE distribution observed by the
 group towards the : candidate -1, the shortest of
all, is very likely due to a lens in the  (see parallax analysis
and the discussion that follows in 98); the other 3 candidates
all have durations longer than 240 days, clearly incompatible
with an average of 36 days. From this absence of microlens-
ing candidates with the required duration,  can exclude
τSMC > 10
−7 for events similar to those in  sample A,
at better than 90% C.L. The value corresponding to the spheri-
cal isothermal halo model, τSMC = 1.4 × τLMC ' 1.4 × 10
−7 is
excluded at better than 96% C.L.
7. Discussion and conclusions
The analysis of five years of microlensing data towards the 
yielded four candidates, and allowed us to put stringent limits
on the amount of galactic dark matter made of compact objects.
Objects with a mass between 2 × 10−7 M and 1 M cannot
account for more than 25% of the mass of a standard spheri-
cal, isothermal and isotropic Galactic halo of 4 × 1011 M out
to 50 kpc.
The new method described in this paper to combine the re-
sults and use all the information available on the events has
one drawback compared to methods used in previous works: it
could be more sensitive to the halo model, adding an extra de-
pendence on the velocity distribution. Previously, only the in-
fluence of the halo model on the number of expected events has
been studied, as in 98. A change in the velocity distribution,
however, would mainly shift the “dent” in the 2  limit.
In addition, since the final exclusion limit is quite flat over a
large range of masses, the final result should not be influenced
by reasonable changes in the velocity distribution assumptions.
This limit excludes a sizeable fraction of the allowed do-
main shown in Fig. 12 of Alcock et al. (2000).
All the candidates that have been detected so far towards
the  have long durations, and seem more compatible with
unidentified variable stars or self-lensing within the cloud than
with halo objects. These would need to have supersolar masses
to account for such durations.
The statistics are still very low for a quantitative compar-
ison of the  and  samples of microlensing candidates.
They have, however, quite different characteristics which is
poorly compatible with a unique population of lenses.
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-10 -7.5 -5 -2.5 0 2.5 5 7.5 10
  112.9    /    83
Constant   27.74
Mean  0.4428











-10 -7.5 -5 -2.5 0 2.5 5 7.5 10
  84.58    /    67
Constant   39.79
Mean  0.2836
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